N -jettiness subtractions provide a general approach for performing fully-differential next-to-nextto-leading order (NNLO) calculations. Since they are based on the physical resolution variable N -jettiness, TN , subleading power corrections in τ = TN /Q, with Q a hard interaction scale, can also be systematically computed. We study the structure of power corrections for 0-jettiness, T0, for the gg → H process. Using the soft-collinear effective theory we analytically compute the leading power corrections αsτ ln τ and α 2 s τ ln 3 τ (finding partial agreement with a previous result in the literature), and perform a detailed numerical study of the power corrections in the gg, gq, and qq channels. This includes a numerical extraction of the αsτ and α 2 s τ ln 2 τ corrections, and a study of the dependence on the T0 definition. Including such power suppressed logarithms significantly reduces the size of missing power corrections, and hence improves the numerical efficiency of the subtraction method. Having a more detailed understanding of the power corrections for both qq and gg initiated processes also provides insight into their universality, and hence their behavior in more complicated processes where they have not yet been analytically calculated.
I. INTRODUCTION
Our ability to perform next-to-next-to-leading order (NNLO) calculations for cross sections of phenomenological importance is crucial for theory predictions to match the precision of Run 2 measurements at the LHC. Due to significant recent progress a number of NNLO subtraction techniques are now available for hadron-hadron collisions, and have been successfully demonstrated both for color-singlet production [1, 2] , as well as for cross sections involving jets in the final state [3] [4] [5] [6] [7] [8] . However, particularly when final state jets are involved, these techniques remain complicated and computationally expensive. Improving the numerical efficiency and theoretical understanding of NNLO subtraction schemes is therefore of significant interest.
In this paper, we focus on improving the understanding of the infrared structure of N -jettiness subtractions [7, 8] , which is a nonlocal subtraction method based on the Njettiness resolution variable T N [9, 10] . N -jettiness subtractions provide a powerful and simple method that is in principle applicable for an arbitrary number of jets in the final state. They have been applied to W/Z/H/γ+ jet at NNLO [7, [11] [12] [13] [14] , as well as inclusive photon production [15] , and have been implemented in MCFM8 for colorsinglet production [16] [17] [18] [19] . They have also been used to calculate single-inclusive jet production in ep collisions at NNLO [20] . The N -jettiness subtraction scheme has the advantage that it is simple to implement using known NNLO results from the literature, can be interfaced with resummation or parton shower programs, 1 and is concep-1 Indeed, the first application of N -jettiness subtractions was in tually simple to extend to higher perturbative orders. An important feature of the N -jettiness subtraction scheme is that it is based on a physical infrared-safe observable, N -jettiness T N , and the subtraction terms are determined by the behavior of T N in the soft and collinear limits. Using our understanding of the simplifications of gauge theories in these limits allows the subtraction terms to be systematically computed as an expansion in τ ≡ T N /Q, with Q a typical hard interaction scale. The leading terms in the τ → 0 limit are naively nonintegrable divergences that are properly defined as plus-functions, [ln k τ /τ ] + , and are required for the subtractions. These terms are described by wellestablished factorization formulas valid to all orders in α s . For the case of N -jettiness, these formulas were determined in Refs. [9, 10] using soft collinear effective theory (SCET) [23] [24] [25] [26] [27] . They are expressed in terms of universal soft, jet, and beam functions. The required ingredients to compute the leading-power subtraction terms at NNLO are the NNLO jet [28, 29] and beam [30, 31] functions (the spin-dependent quark beam functions were recently computed to NNLO [32] ), which are process independent, as well as the soft function, which depends on the number of external colored partons, n, in the Born process. The soft function is known analytically at nextto-leading order (NLO) for arbitrary n [33] , and at NNLO it is known analytically for n = 2 [34] [35] [36] [37] , and numerically for n = 3 [38] , and with a third massive parton [39] .
The leading-logarithmic (LL) terms at subleading order in τ were analytically computed at NLO and NNLO the GENEVA Monte Carlo [21, 22] .
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for Drell-Yan like processes in Refs. [40, 41] . Including these improves the subtractions by an order of magnitude, with further improvements possible by computing additional subleading logarithms. In Ref. [40] it was also shown that the rapidity dependence of the power corrections strongly depends on the observable definition. For the specific definition of T N in the hadronic frame that had been used in some implementations, the power corrections grow exponentially with the rapidity Y of the Born system, and the power expansion is in T N e |Y | , instead of T N , causing it to break down at large Y . On the other hand, using the definition of T N [9, 10] that takes into account the boost of the Born system results in a well-behaved power expansion, with power corrections that are approximately flat in Y . Unlike the leadingpower factorization, which has the same structure for any color-singlet production, the universality of subleading power corrections is not well understood, and it is therefore important to understand their behavior in other processes.
In this paper, we present a detailed study of the power corrections in T 0 for the gluon fusion, gg → H, process. We analytically compute the LL correction at both NLO and NNLO for all partonic channels, namely gg, gq, and qq, and at NLO we also compute the next-to-leadinglogarithmic (NLL) contribution for thechannel, which is the first nonzero contribution from this channel. We then perform a detailed numerical study using H + 1 jet NLO results from MCFM8 [18, [42] [43] [44] . This provides both a confirmation of our analytic calculation, and enables us to study the extent to which the power corrections are well described by the LL approximation. We also study the rapidity and observable dependence of the power corrections.
The analytic LL power corrections for T 0 in the hadronic frame for the gg and gq channels were first computed in Ref. [41] . While we agree with the results of Ref. [41] for the gq channel, we disagree for the gg channel. 2 We will comment further on this disagreement at the end of Sec. IV. We also note that Ref. [41] did not perform a numerical study of the partonic channel dependence or of the importance of NLL power-suppressed terms.
The remainder of this paper is organized as follows. In Sec. II, we briefly review N -jettiness subtractions, focusing in particular on the structure of the power corrections. In Sec. III, we present our analytic calculation of the subleading power logarithms. We perform the calculation both for thrust in H → gg, as well as for beam thrust in gg → H. We also discuss the similarity of the structure of the results with the case of e + e − → dijets and Drell-Yan. In Sec. IV, we compare our analytic results with the full nonsingular distribution obtained nu- 2 We also find the same disagreement between our calculation for→ V [40] and the corresponding→ V results given in Ref. [41] in thechannel.
merically from MCFM8 [18, [42] [43] [44] , numerically extract the NLL power corrections, and discuss their importance. In Sec. V, we discuss the importance of the T 0 observable definition, and the dependence of the power corrections on rapidity. We conclude in Sec. VI.
II. N -JETTINESS SUBTRACTIONS
Here we briefly review N -jettiness subtractions, focusing on the simplest case of a global subtraction or phasespace slicing, and using N = 0 as relevant for gg → H. For an in-depth discussion, including a description of how it can be used as a more differential subtraction scheme, see Ref. [8] .
The cross section σ(X), including Born level measurements and cuts X, can be expressed as an integral of the differential cross section for 0-jettiness, dσ(X)/dT 0 , as
For the rest of the paper we will suppress the dependence on X. The N -jettiness subtraction is implemented by adding and subtracting a subtraction term dσ sub /dT 0 , which will ultimately be derived from the singular behavior in the T 0 → 0 limit. We can then write the cross section as
In the second term, the restriction T 0 > T cut resolves an emission off of the 0-jet Born configuration, and thus reduces to an NLO calculation of gg → H + 1 jet. The last term ∆σ(T cut ) vanishes by construction as T cut → 0 and is eventually neglected. We can expand the cross section about the soft and collinear limits in powers of τ = T 0 /Q 1. For the case of gg → H, we will take the hard scale to be Q = m H . We write the expanded cross section as dσ dτ = dσ
The superscripts denote the suppression in powers of λ ∼ √ τ . Odd powers of √ τ vanish, as explained in Ref. [45] . The leading-power terms dσ (0) /dτ and σ (0) (τ cut ) contain the most singular terms with the scaling On the left, the estimate is normalized to the full N n LO contribution, while on the right it is normalized to the LO cross section (assuming a 30% correction of each perturbative order relative to the previous order). In both cases, the bands around the LL estimate illustrates a factor of 3 variation.
where the O(1) in the counting indicates that it is modulo logarithms ln j τ and ln j τ cut with j ≥ 1, respectively. The remaining terms in Eq. (3), dσ (2k) /dτ and σ (2k) (τ cut ), contain at most integrable singularities and scale as τ dσ
The terms with k = 1 are the next-to-leading power (NLP) contributions, and are the focus of this paper.
To provide an appropriate subtraction term, σ sub (T cut ) must contain all leading-power contributions, but can differ by power-suppressed terms,
Thus, the leading-power terms, obtained from the leading-power N -jettiness factorization theorem, provide the minimal subtraction terms for the N -jettiness subtraction. In this case, the neglected power corrections ∆σ(T cut ) are the complete set of power corrections relative to the leading-power factorization. As pointed out in Ref. [8] , the inclusion of additional power-suppressed terms in σ sub (T cut ) is formally not necessary, as they vanish in the τ cut → 0 limit, but can significantly improve the numerical efficiency of the N -jettiness subtractions.
Following Refs. [8, 40] , the expected size of the neglected power corrections and the effect of including the dominant power corrections in the subtractions can be easily estimated by their functional form. Writing the perturbative expansion of the cross section in α s as
the perturbative structure of the NLP contributions is
where the A (2,n) m coefficients are directly related to the C (2,n) m coefficients by integration. The numerically largest power corrections are then the LL terms at each order, namely the α s τ cut ln τ cut at NLO and the α 2 s τ cut ln 3 τ cut at NNLO. In Fig. 1 we show an estimate of the neglected power corrections ∆σ(τ cut ), based on their logarithmic structure as a function of τ cut , relative to the leading-power α n s coefficient σ (0,n) (on the left) and relative to the LO cross section (on the right). The latter is derived from the former assuming a 30% correction at each order in α s relative to the contribution from the previous order (corresponding to a 10% correction multiplied by a C A color factor), and the bands show a factor of three variation of the estimate. The size of the missing terms grows rapidly with the loop order due to the increasing enhancement by additional logarithms. This also highlights that by computing and including the LL power suppressed terms, the numerical efficiency of the N -jettiness subtractions can be improved by up to an order of magnitude. We will find that this simple estimate holds for the gg → H partonic channel, but is not well reproduced for the gq → H partonic channel, whose LL power correction turns out to be unusually small compared to its NLL power correction.
III. CALCULATION
In this section, we present our calculation of the subleading power LL coefficients at NLO and NNLO. We perform the calculation for thrust in H → gg in Sec. III A and for 0-jettiness (beam thrust) in gg → H in Sec. III B. In Sec. III C, we provide a discussion of the similarities in the analytic structure of the power corrections for qqinitiated Drell-Yan and gg-initiated H production.
Following our calculation of the fixed-order power corrections for Drell-Yan [40] , we use SCET [23] [24] [25] [26] [27] to systematically organize all sources of power corrections. SCET is an effective field theory for the soft and collinear limits of QCD, which allows for a systematic expansion about the soft and collinear limits in a power counting parameter which for the present case of interest scales as λ 2 ∼ τ . The effective theory has different quark and gluon fields for soft and collinear particles, which will play an important role in our calculation.
In the effective theory, power corrections arise from three sources, each of which are easy to track. Subleading Lagrangian insertions describe universal corrections to the dynamics of soft and collinear radiation, and are known in the literature to O(λ 2 ) [46] [47] [48] [49] [50] [51] . Power-suppressed hard-scattering operators describe subleading-power local corrections to the hard-scattering vertex. Complete operator bases for Drell-Yan and Higgs production to subleading power were derived in Refs. [45, 52, 53] . Finally, there are power corrections to the measurement function. These were originally derived for thrust in Ref. [54] using a different formalism than we use here, and in the formalism we use here in Ref. [45] .
Following Ref. [40] , we use the scaling of modes in the effective theory to derive general consistency relations allowing for a considerable simplification in the calculation. A general expression for the perturbative expansion of the dimensionally regulated differential cross section at NLP is given by
For each contributing loop or real-radiation momentum k, we assign a specific label κ, γ, . . . for the scalings of the particles, i.e., hard, collinear, or soft, and m(κ) ≥ 1 is an integer. At one loop (n = 1) there is a single integrated momentum, which can be soft:
At two loops (n = 2), the possibilities are hard-collinear:
The cancellation of 1/ poles, which must occur for an IR-finite observable, implies consistency equations relating the different coefficients. In particular, the power corrections at NLO can be written as [40] dσ (2, 1) 
and at NNLO as [40] dσ
Writing the LL contribution purely in terms of the collinear or hard-collinear coefficient significantly simplifies the calculation, since we only need to consider a two particle collinear phase space to compute the leading logarithm. The one-loop hard matching can be extracted from the amplitudes for H → 3 partons, which are known to NLO [55] and NNLO [56] .
A. 2-jettiness in H → gg
We begin by computing 2-jettiness in H → gg, which for massless partons is equivalent to thrust [57] , for which the exact one-loop result can easily be computed and will provide a cross check on our results. 3 The thrust measurement function is defined by
We focus on the α s ln τ and α 2 s ln 3 τ terms in dσ (2,n) . We will discuss in some detail the structure of the calculation at NLO, focusing on the different types of power corrections, and the cancellation of 1/ poles. We then use Eq. (13) to extend this calculation to NNLO.
H → gg Power Corrections at NLO
Studying contributions from the complete basis of SCET operators [53] and Lagrangian insertions, there are four contributions to the leading logarithm at NLO. As for the case of Drell-Yan [40] , we can group these into two categories, each of which separately exhibits the cancellation of 1/ poles:
• Category 1: Purely gluonic contributions, where two gluons become collinear, or a gluon becomes soft.
• Category 2: Contributions involving quarks, where either two quarks become collinear, or a quark becomes soft.
The leading logarithm at leading power only comes from the purely gluonic contribution, to which Category 1 contains the NLP corrections. On the other hand, Category 2 has no leading-power analogue and gives rise to new color structures at subleading power. The behavior of the two categories is very similar to the corresponding categories for Drell-Yan, and we will highlight these similarities in Sec. III C. Since Category 1 has the same partonic content as the leading-power contribution, it has three possible sources of power corrections: corrections from Lagrangian insertions, corrections from subleading hard-scattering operators, and corrections from the phase space or measurement. The required subleading hard-scattering operators, which involve both additional soft or collinear fields were given in Ref. [53] . Representative diagrams are shown in Fig. 2 , and are of the form of an O(λ 2 ) contribution interfered with the leading-power contribution. This form is guaranteed by the Low-Burnett-Kroll theorem [59, 60] . Subleading power corrections to the thrust measurement function were derived in Refs. [45, 54] . They are found to not give a LL contribution. On the other hand, corrections to the phase space give rise to LL contributions.
Summing the different contributions, we find for Category 1 Here we explicitly see the cancellation of the 1/ poles between the soft and collinear diagrams, which are separated in the first equality. The contributions to Category 2 obtain their power suppression either from subleading Lagrangian insertions or from subleading hard-scattering operators. Since they have no leading-power analogue, we do not need to include power corrections to the phase space or measurement, as these would be additionally power suppressed. Two contributing diagrams are shown in Fig. 3 . In Fig. 3  a) we illustrate the contribution from a soft quark, which is described by a subleading Lagrangian insertion, and in Fig. 3 b) we illustrate the collinear limit between a quark and a gluon, which arises from a subleading hardscattering operator.
Summing the different contributions for Category 2, we find
Here n f denotes the number of light flavors, and T F = 1/2. In the first equality, we have separated the contributions from the soft and collinear diagrams, whose 1/ poles cancel. The final result for this term in the cross section is
This result can be explicitly checked by computing the exact NLO result for thrust in H → gg and expanding in the τ → 0 limit.
H → gg Power Corrections at NNLO
Using the consistency relation of Eq. (13) it is straightforward to extend the NLO result to NNLO. The LL term at NNLO can be computed from the one-loop hard corrections to the collinear contributions at NLO, as shown in Eq. (13) , and illustrated in Fig. 4 . The amplitudes for H → 3 partons are known to NNLO [56] . From these, we find
where the two terms arise from Category 1 and 2, respectively. The color structure for the Category 2 result is unusual for a LL contribution.
B. 0-jettiness in gg → H
Having understood the analytic calculation of the LL power corrections for 2-jettiness in H → gg, we now turn to 0-jettiness in gg → H. Here, the additional complications are the parton distribution functions (PDFs), and in particular the definition of the 0-jettiness measure, which has been discussed in Ref. [40] .
We begin by defining our conventions for the kinematics. We define q µ , Q, and Y as the total momentum, invariant mass, and rapidity of the color-singlet system,
and take the incoming partonic momenta to be
where n µ = (1,ẑ),n µ = (1, −ẑ), andẑ is the beam axis. In Ref. [40] it was found that the structure of the power corrections depends strongly on the choice of the 0-jettiness measure. In particular, it was shown that the definition of 0-jettiness that takes into account the boost of the color-singlet Born system (in this case the Higgs), which we will refer to as the leptonic definition, has a well-behaved power expansion, while 0-jettiness defined in the hadronic center-of-mass frame has a poorlybehaved power expansion with power corrections growing exponentially with Y .
We define the dimensionful and dimensionless versions of 0-jettiness as
with the measures for the different definitions given by leptonic:
In both cases, the sum runs over all particles in the final state excluding the Higgs, and the momenta p k are defined in the hadronic center-of-mass frame.
In this section, we derive analytic results for the power corrections with the leptonic definition. The wellbehaved power expansion for the leptonic definition, allows for a precise comparison of our analytic results with the numerical results for the power corrections extracted from the full H + 1 jet numerical NLO calculation, as will be discussed in Sec. IV. The analytic results for the hadronic definition are given in Sec. V.
The hadronic cross section is written as a convolution of the PDFs, f i , and the partonic cross sections,
The leading-order partonic cross section, to which we will normalize, is given by
where
and σ 0 (Q, X) is the gg → H Born cross section, including any cuts, X, on the Born phase space. At subleading power, derivatives of the PDFs enter due to the routing of small momentum components into the incoming collinear lines. Explicitly, these will appear in the form
where k/Q ∼ τ .
Results for gg → H
We now give the NLO and NNLO results for the LL contribution at NLP with the leptonic definition, τ = T 0 /Q. We define our notation for the NLP partonic cross section as
where σ 0 (Q, X) is the gluon-fusion Born cross section defined via Eq. (24) .
Crossing the diagrams of Figs. 2 and 3, there are three distinct partonic channels at NLO:σ gg ,σ gq (trivially related toσ gq ,σ qg ,σq g ) andσ=σ. At NNLO we additionally haveσ, where q is a quark or antiquark of unrelated flavor to q. For notational simplicity, at NNLO we will takeσto includeσ. Representative diagrams for the gq channel involving soft and collinear emissions are shown in Fig. 5 . Unlike the gg and gq channels, thechannel does not contribute a leading logarithm. At O(α s ), this implies that it is a constant, while at O(α 2 s ) it contributes a ln 2 τ . At NLO it has only a collinear contribution, which is shown in Fig. 6 , and is unconstrained by the consistency relations from the cancellation of 1/ poles. In addition to not contributing a leading logarithm, thechannel is also suppressed by the parton luminosities, and is therefore numerically irrelevant for controlling the N -jettiness power corrections for the case of gg → H. Nevertheless, it provides insight into the structure of the power corrections at NLL in the simplest possible context, namely when there are no LL power corrections, and we therefore compute it at NLO.
To compute the LL coefficients C (2,1) ij,1 and C (2,2) ij,3 , we cross our results for thrust computed in Sec. III A. Taking into account the modified definition of the measurement function as well as the corrections from PDFs, we find for the NLO coefficients
The derivatives of the delta functions are defined as which translate into the above-mentioned PDF derivatives in the hadronic cross section. They only appear in the gg coefficients, because the gq coefficient has no analog at leading power that is sufficiently singular. Repeating the analysis at NNLO, we obtain for the NNLO coefficients
Our results for C gq,3 agree with those in Ref. [41] . We discuss the difference between our results in the gg channel and those of Ref. [41] at the end of Sec. IV.
For thechannel, the NLL coefficient at NLO arising from the diagram in Fig. 6 is given by
We expect this to be representative of the typical structures that will appear for NLL power corrections, namely kernels of x a,b , ξ a,b , much like at leading power. It would be interesting to also calculate the NLL power corrections for the other partonic channels, but this is beyond the scope of this paper.
C. Comparison with Drell-Yan
It is interesting to compare the structure of the calculation performed in this section with our results for Drell-Yan presented in Ref. [40] . In both cases, there are two categories of terms in the organization of the effective theory, each with a hard-scattering operator involving an additional collinear field, and a contribution involving a soft parton. In both cases, the two categories are distinguished by whether the hard-scattering operators involving an additional collinear field have the same number of quarks in each collinear sector as the corresponding leading-power operator. In the Drell-Yan case, there is an operator involving collinear quarks in opposite collinear sectors, with an additional collinear gluon in one sector, as well as an operator involving two collinear quarks in the same sector recoiling against a collinear gluon in the opposite sector. This is nearly identical to the structure of the operators for gg → H. Furthermore, in both cases one has a contribution from the soft quark Lagrangian and from a soft gluon.
One other interesting aspect of this organization is that the O(λ 2 ) contribution associated with category 1 with a soft gluon, appears as the interference of an O(λ 2 ) operator with the leading-power operator. For the soft contribution, this is guaranteed by the Low-Burnett-Kroll theorem [59, 60] , although it is not obvious why it also appears in this form for the collinear sector. While the consistency relations relate the coefficients of the poles, they could in principle be satisfied with multiple collinear contributions. Ultimately the derivation of the full renormalization group consistency equation should shed some light on this. On the other hand, the contributions involving the soft quark Lagrangian, or the hardscattering operators with different numbers of quarks in each collinear sector than at leading power always contribute to the cross section by multiplying their hermitian conjugate as O(λ) × O(λ).
It is also interesting to compare the structure of the radiative corrections in the two cases. In particular, we can compare the ratios of the one-loop and two-loop coefficients for each of the different categories. We find dσ 
Interestingly, these are identical up to the exchange C A ↔ C F . This is of course true for the leading logarithms at leading power. In both cases for Category 1, which behaves like at leading power, the scaling appears to be as arising from the cusp anomalous dimension. Ideally this result could be derived to all orders by studying the renormalization group evolution of the operators. For the other channel, the scaling in both cases is identical, and is a linear combination of the color Casimirs. It would be interesting to understand its all-orders structure, in particular whether it arises from a linear combination of two cusp anomalous dimensions, and if so, why this combination is identical for gg andinitiated processes. It would also be interesting to understand to what extent similar relations persist for the subleading logarithms, as well as at higher orders in α s , or higher powers.
Recently, Ref. [61] appeared, which proves the universality of power corrections in the threshold limit at NLO. It does not, however, discuss contributions involving soft quarks, the extension away from the threshold limit, or beyond NLO. These are all directions that would be interesting to pursue.
IV. NUMERICAL RESULTS
In this section, we compare our leptonic τ results with numerical fixed-order results. This first serves as a numerical cross check on our calculated coefficients for the leading logarithm at subleading power. Then, using our exact results for the LL coefficients allows us to use the numerical results to extract the NLL corrections of α s τ and O(α 2 s τ ln 2 τ ), and to study the relative importance of the LL and NLL contributions.
We consider the process pp → H at E cm = 13 TeV for an on-shell, stable Higgs boson with m H = 125 GeV. We always use the MMHT2014 NNLO PDFs [62] , fixed scales µ r = µ f = m H , and α s (m H ) = 0.1126428. The leadingorder cross section following from Eq. (24) is given by
We normalize all our results to σ LO , as it provides the most natural common reference value to discuss the size of the power corrections in the different channels. This also removes most of the dependence on the explicit process mediated by the ggH operator. The only leftover dependence is related to the PDFs and comes from the effective x-range in the PDFs probed by the rapidity integration, which is determined by the value of m H . The PDF dependence primarily determines the relative size of the gg, gq, andchannels, but only to a small extent the size of the corrections within a given channel. We obtain the full T 0 spectrum at O(α s ) and O(α 2 s ) using the H + 1-jet (N)LO calculation from MCFM8 [18, [42] [43] [44] . The known leading-power terms in the T 0 spectrum [9, 63, 64] are then subtracted to obtain the complete nonsingular (all subleading-power) contributions,
We do this separately for the α s (NLO) and pure α 2 s (NNLO) contributions and separately for the gg, gq, and(or) channels. The gq channel includes the sum of the gq and qg contributions with q summed over all quarks and antiquarks. The(or) channel includes the sum over all allowed flavor combinations. Our numerical analysis follows the same fit strategy as for the case of Drell-Yan in Ref. [40] . We fit the nonsingular NLO and NNLO data in each partonic channel using the functional forms with τ ≡ T 0 /m H . Since the different powers of ln τ have very similar shapes, the fitted coefficients at the same order in τ are typically highly correlated and care has to be taken to ensure reliable and unbiased fit results. An important consideration in this regard is the choice of fit range in T 0 and the number of fit coefficients. We refer to Ref. [40] for a detailed discussion of these issues. As a check of our calculation we first extract the LL coefficients from the fit, which are a 1 at NLO and a 3 at NNLO. The results are given in table I along with the values predicted from our calculation. In all cases we find excellent agreement. We then perform the fit with the LL coefficients fixed to their calculated values, which allows for a precise extraction of the NLL coefficients a 0 at NLO and a 2 at NNLO. The results are shown in table II, and the corresponding fits are illustrated in Figs. 7, 8 , and 9.
As discussed above, for the channels involving only quarks, we have onlyat NLO, butat NNLO, where q is an arbitrarily flavored quark or antiquark, and includes the particular case of qq. For theandchannels, from our calculation we find a 1 = a 3 = 0. At NLO, we are able to verify to high accuracy that a 1 = 0 from the fit, and extract a 0 to compare with our calculated value. At NNLO, the result for a 3 in this channel is consistent with zero.
If we approximate the ξ a and ξ b dependence of the NLL coefficients in the partonic cross section by the corresponding dependence at LL, we can translate the fitted values for a 0 and a 2 into the approximate results where the uncertainties arise from the fit uncertainties of the respective subleading coefficient. We do not give a result for thechannel, since it is phenomenologically irrelevant, and more care must be taken since it is a sum over all possible quark channels and an approximate result can be easily misinterpreted. Nevertheless, it can be obtained from our above results by carefully performing the sum over quark flavors.
At both NLO, Fig. 7, and NNLO, Fig. 8 , we see that there is a significant difference between the structure of the power corrections in the gg and gq partonic channels. In the gg channel at each order, the NLL coefficients have the same sign and a comparable magnitude to the LL coefficients. Hence, the LL power correction provides a good first approximation to the total nonsingular correction. On the other hand, for the gq channel, the LL and NLL coefficients have opposite signs, and the LL coefficients are very small compared to both their gq NLL coefficients and also the gg LL coefficients, while the NLL coefficients for gq are of similar size as for gg. The smallness of the LL coefficient for gq compared to gg is due to its much smaller color factor. Our numerical results thus imply that the same color suppression will not be at work any longer at NLL. This different behavior for the different channels motivates that it would be interesting to calculate the NLL coefficients analytically. This also means that the LL terms are by themselves a poor approximation to the full nonsingular result in the gq channel. Indeed, in Figs. 7 and 8 , the agreement between the LL result and the full non-singular contribution for the gq channel (lower right panel) is poor in the range shown. Due to the fact that the NLL term is much larger, there will be a flip in the sign of the result at values of T 0 lower than we are able to numerically probe. This behavior is more clear in the linear plot. (Despite this visual appearance, the fit quality is good.)
In Fig. 9 , we show the fits for theandchannels at NLO and NNLO. Thechannel is interesting since its LL power correction vanishes, and so it exhibits a different functional behavior. At NLO, the NLL power correction, a 0 , reproduces exceptionally well the full nonsingular result. This provides strong motivation to also compute the a 0 coefficient for the other partonic channels, and to understand its universality, as its inclusion renders the power corrections for N -jettiness subtractions at NLO negligible. At NNLO, a similar pattern is observed as for the gq channel albeit shifted by a logarithmic order, namely that the a 2 and a 1 coefficients have alternating signs and a 1 is larger than a 2 . The a 2 coefficient alone therefore does not provide a particularly good approximation to the full nonsingular result, as is clearly seen in Fig. 9 (bottom pannels).
In Figs. 10 and 11 we plot the resulting integrated power corrections ∆σ(τ cut ) at NLO and NNLO. For the gg channel, the expected scaling from Fig. 1 is quite well reproduced, and removing the LL contribution yields a significant reduction of the power correction, up to an order of magnitude depending on the value of τ cut . Interestingly, at NNLO it seems that the NLL contribution in the cumulant is quite small, so removing it only has a small effect. On the other hand, for the gq channel, due to its color-suppressed LL contribution, the naive scaling does not apply and the full power correction is already determined by the NLL contribution. To obtain a further reduction, it is then necessary to also remove the NLL contributions. For the full nonsingular, the sum of the gg+gq channels is dominated by gg channel due to its larger LL contribution, which also means that removing the LL contribution yields the expected reduction in the power corrections at both NLO and NNLO. Interestingly, after removing the LL contribution, the remaining NLL (and beyond) power corrections are of similar size for the gg and gq channels. However, they are of opposite signs and partially cancel in the sum of both channels. The gg channel at NNLO, shown in Figs. 8 and 11 , clearly illustrates a potential pitfall if the power corrections in N -jettiness subtractions are not properly understood, namely the presence of false plateaus. At NNLO, the power corrections are cubic polynomials in ln τ cut , and hence will generically exhibit zero-crossings and extrema. For the gg and gq channels there is a maximum in the nonsingular spectrum around T 0 = 0.1−1 GeV, which translates into a shallow maximum in the cumulant in the range τ cut ∼ 10 −3 − 10 −2 . Since the maximum is very shallow, even with the high statistics that we have generated, it could easily appear as a plateau where changing the value of τ cut does not affect the cross section, leading to the false conclusion that the power corrections have become negligible. However, in this region the power corrections are still nonnegligible and amount to 1 − 2% of the Born cross section. To avoid such false plateaus, even without generating data to significantly smaller val- ues of T 0 , one can use the functional form of the power corrections, and extrapolate to T 0 → 0. This was done in the recent calculation of Zγ production at NNLO [19] using T 0 . We also note that such false plateaus can in principle appear in any global subtraction scheme. The results of Ref. [41] for the gg → H channel involve only derivatives of PDFs, and therefore do not agree with our results at NLO in Eq. (28) and at NNLO in Eq. (30), which involve both PDF derivatives and a constant term multiplying the PDFs. However, we do agree on the coefficients of the terms involving PDF derivatives. As discussed above, we have carefully checked our results by comparing to numerical results. The terms involving PDF derivatives contribute only ≈ 2/3 of the full LL contribution at both NLO and NNLO, so our numerical cross checks confirm the presence of a constant term. At NLO, our fit result in table I agrees within the 1% fit uncertainty, clearly ruling out the result of Ref. [41] . The same conclusion holds for thechannel in the Drell-Yan case, see table I of Ref. [40] . On the other hand, without a detailed fit with multiple subleading coefficients this would be difficult to distinguish at NNLO, and indeed from Fig. 11 it is clear that a reduced value for the LL power correction would be preferred if the subleading power corrections were not carefully taken into account in the fit. Furthermore, Ref. [41] used a hadronic definition (see Sec. V), for which we have found that obtaining a reliable fit that is able to distinguish the contributions from different logarithmic powers is much harder due to the rapidity enhancement of additional subleading power corrections, which render the power expansion more poorly behaved.
V. RAPIDITY DEPENDENCE AND OBSERVABLE DEFINITION
One of the interesting observations in the analytic calculation of the power corrections for Drell-Yan production in Ref. [40] is that the structure of the power corrections depends sensitively on the definition of the T 0 observable that is used. In particular, for the hadronic definition of T 0 , the power corrections grow exponentially with rapidity. This is also the case for gg → H, where the LL power correction for the hadronic definition of T 0 are given at NLO by
and at NNLO by
Physically, this behavior can be understood as in DrellYan, either from the fact that for a boosted system the 0-jettiness definition in the hadronic frame is no longer appropriately constraining soft and collinear radiation, or as arising from the fact that the eikonal approximation is breaking down, so the soft emissions are sensitive to the momentum of the incoming partons.
To illustrate the importance of the leptonic definition of the T 0 observable to yield power corrections that are approximately constant over phase space, in Fig. 12 we show the LL power correction as a function of the Higgs rapidity Y . The exponential growth of the power correction with Y is clearly seen for the hadronic definition (gray curves labelled T had cm 0 ). For the leptonic definition (colored curves labelled T 0 ), the power correction is flat in Y as expected, except at very high rapidities, where the behavior of the PDFs enters. Since N -jettiness subtractions are meant for performing fully differential NNLO subtractions, the rapidity independence of power corrections is important to ensure that kinematic distributions are not distorted by missing power corrections. Although the leptonic definition we have used here relies on the presence of leptons, it can easily be generalized to the case of a fully hadronic final state, as described in Ref. [40] . We strongly recommend the use of such a definition in future applications of N -jettiness subtractions, particularly for more complicated processes where the power corrections have not yet been calculated. Indeed, the leptonic definition was used in the recent calculation of Zγ production at NNLO [19] .
VI. CONCLUSIONS
In this paper, we have performed a detailed study of power corrections for 2-jettiness in H → gg, and 0-jettiness (beam thrust) for gg → H. We analytically computed the LL power correction at both NLO and NNLO, namely the α s ln τ and α 2 s ln 3 τ terms for both 2-jettiness in H → gg, and 0-jettiness in gg → H, for all partonic channels. We find partial agreement with the results of Ref. [41] , as detailed in the body of the paper. The simplicity of the analytic results, and their close relation to those for quark-initiated processes suggests a degree of universality in the subleading soft and collinear limits, similar to that which is observed at leading power.
We confirmed our analytic results by comparing to the full nonsingular cross section obtained numerically from the full H + 1 jet NLO calculation, and studied in detail the structure of the power corrections in the different partonic channels, gg, gq, and qq. For the gg channel, we found that the nonsingular corrections are well approximated by the LL term, and that the missing power corrections to the 0-jettiness subtractions are reduced by up to an order of magnitude when including the analytically computed LL power corrections. On the other hand, for the gq channel the LL power correction is small compared to the NLL contribution. However, the total cross section is dominated by the gg channel at this level, so the inclusion of the LL power corrections overall sig-nificantly improves the performance of the subtractions. Knowing the LL contributions also allowed us to numerically extract the size of the NLL terms. Our results motivate the analytic calculation of the NLL terms to fully understand their nontrivial structure and provide further improved control of the power corrections in all partonic channels. We also computed the NLL power correction for thechannel, which does not have a LL power correction, giving a first hint at their structure.
The numerical results for the power corrections also allowed us to study their rapidity dependence. As for the case of Drell-Yan, the power corrections exhibit an exponential growth with rapidity using the hadronic definition for T 0 , while they are nearly flat as a function of rapidity using the standard definition that takes into account the boost of the Born system.
Due to the importance of NNLO calculations for Run 2 of the LHC, it is essential to further improve the numerical efficiency of N -jettiness subtractions through a better understanding of the power corrections. This includes the calculation of the subleading logarithms for color-singlet production as well as the calculation of the leading-logarithmic power corrections for processes involving jets in the final state. We plan to address these directions in future work.
